ABSTRACT Extracted reliability information is universal in practice and makes it difficult to estimate system lifetime distributions and reliability. In order to address this problem, this paper develops a method to compute lifetime distributions of serial, parallel, and serial/parallel systems using the failure probability density functions of outsourced components, and then to compute system reliability and component importance measures. Time-varying weights are introduced to simplify the lifetime distribution of a system with multiple types of components and make the system lifetime distribution to be a sum of component probability density functions. A case study illustrates the developed method by identifying the lifetime distribution of a radio navigation system for large passenger aircraft. To demonstrate the effectiveness of the developed method, the estimation results from the developed method are compared with the results from a computer simulation method.
I. INTRODUCTION
The reliability and maintainability objectives for large passenger aircraft, such as the mean time between failures (MTBF) and failure rate, are generally set up by the original equipment manufacturers (OEMs) at the beginning of the R&D process. The key airborne systems, such as electronic power, landing gear, and communications and navigation, are mainly provided by outside suppliers. The suppliers do not provide the time-to-failure data or in-service data to the OEM of the aircraft, instead, they deliver extracted reliability information, such as component lifetime distributions and failure rates. This extraction of reliability information makes it difficult for system designers to estimate passenger aircraft reliability during the design process. Moreover, due to the growing complexity of equipment and systems and the need for lower operational and labor costs, component manufacturing is increasingly being outsourced to outside suppliers [1] . The challenge of estimating system reliability using only the extracted reliability information also appears in other complex electromechanical systems. This study intends to address this problem.
Many studies of system reliability assessment are based on component lifetime data [2] and therefore encounter challenges of integrating multiple sources of information to perform estimation [3] . For example, Wilson et al. [4] addressed the methodology of combining component failure time data, failure count data, Bernoulli data, and degradation data to determine series/parallel system reliability. On the other hand, many studies have also been conducted on system reliability assessment that incorporates information from component, subsystem and systerm levels [5] . Guo and Wilson [6] developed methods that combine binary, lifetime, and degradation data from both component and system levels. Graves and Hamada [7] developed a method to evaluate the likelihood for simultaneous failure time data incorporating simultaneous multi-level failure time data. Liu et al. [8] applied system-level inspection data to dynamically update the reliability function of multi-state systems over time by a recursive Bayesian formula. In a further study, Jackson and Mosleh [9] extended the methodology for multiple overlapping uncertain datasets within complex multi-state, on-demand, and continuous-life metric systems.
The existing literature is based on the integration of component, subsystem, and system lifetime data with degradation data, whereas few system reliability assessments use component probability density functions (PDFs) [10] .
Traditional system reliability assessment focuses on binomial and exponential data from components and subsystems and thus can easily compute system lifetime distributions [11] . However, closed-form expressions for system lifetime distributions are difficult to compute due to the computation complexity and the diversity of component lifetime distributions in the real world [12] , [13] . Some explorative studies have applied modern analysis techniques, such as a universal generating function, copula function, and p-value function, to compute system reliability and mean time to failure [14] - [16] . However, these studies focused more on simulation technology and did not give system lifetime distributions. The lifetime distribution for a k-out-of-n system is simplified with the use of the Samaniego signature to be a complex combination of distributions of order statistics based on the component lifetimes [17] . For example, Rychlik [18] provided sharp bounds on lifetime distribution quantiles for an arbitrarily fixed reliability system consisting of exchangeable components with joint lifetime distributions. Coolen and Coolen [19] introduced a novel survival signature and presented nonparametric prediction for a k-out-of-n system reliability. However, the Samaniego signature requires that all the components are identical. Therefore, considering that the component importance measures change with operating time, this paper uses time-varying weights to investigate system PDFs based on component PDFs. Simplified lifetime distributions are then obtained for serial, parallel, and serial/parallel systems, and are no longer restricted to a system with identical components, but can be extended to multiple types of components.
The remainder of this paper is organized as follows. Section 2 presents theories and methods to compute lifetime distributions for serial, parallel, and serial/parallel systems. Section 3 presents a case study that illustrates lifetime distributions for a radio navigation system (RNS), and investigates system reliability computation and component importance measures. Section 4 presents conclusions.
II. MODEL SPECIFICATIONS FOR LIFETIME SYSTEM DISTRIBUTIONS
Considering the serial/parallel systems are the basic reliability structures for an electromechanical system, lifetime distributions for serial, parallel, and serial/parallel systems are investigated, respectively, followed by component importance measures.
A. LIFETIME DISTRIBUTION FOR A SERIAL SYSTEM
A serial system is composed of n components, a reliability logical diagram for which is shown in Fig. 1 . The PDF, reliability function (RF), cumulative distribution function (CDF), and failure rate for the i th (i = 1, 2, . . . , n) component are denoted as f i (t), R i (t), F i (t), and λ i (t), respectively. The PDF of the i th (i = 1, 2, . . . , n) component f i (t) is known. It is clear the system reliability (SR), denoted as R ser (t), and CDF, denoted as F ser (t), for a serial system are obtained,
The PDF for a serial system f ser (t) is computed as follows,
where C i (t) is a weight for the i th component. Equation (3) is a direct result of the relationship between the lifetime distribution of the system and the lifetime distributions of components. It is easy to find that the PDF for a serial system is a sum of weighted component PDFs, where the weights are the product of probabilities of the RF of the remaining components. If the parameters of the component PDFs are known, then the system PDF can be determined. This information is valuable and practical for computing system reliability in terms of outsourced components. The failure rate function λ ser (t) is
The first two moments for system lifetime distribution are derived as follows, (6) where E ser (T ) is the first moment, and E ser (T 2 ) is the second moment for system lifetime. Because the lifetime PDF for a serial system is available, system lifetime can be further simulated by a computer. Point and confidence intervals for system reliability, such as reliability, MTBF, failure rate, reliable lifetime, can also be computed, but are not depicted here.
B. LIFETIME DISTRIBUTION FOR A PARALLEL SYSTEM
A parallel system is composed of m components, the reliability logical diagram for which is shown in Fig. 2 . The PDF, RF, CDF, and failure rate for the j th (j = 1, 2, . . . , m) component are denoted as f j (t), R j (t), F j (t), and λ j (t), respectively. The PDF of the j th component f j (t) is known. The SR, denoted as R par (t), and CDF, denoted as F par (t) for a parallel system, are obtained as follows,
The PDF for a parallel system f par (t) is computed as follows,
where D j (t) is a weight for the j th component. Equation (9) reveals that the PDF for a parallel system is a sum of weighted component PDFs and the weights are the product of CDFs of the remaining components. Lifetime distribution for a parallel system is yielded when component PDFs are provided with the help of time-varying weights D j (t). The failure rate function λ par (t) is
It is clear that the failure rate for a parallel system is lower than a serial system,
The first two moments for system lifetime distribution are derived as
where E jvw (t) is the expectation of a serial system consisting of units j, v, and w (j, v, w = 1, 2, . . . , m), which could be computed according to Eq. (5).
C. LIFETIME DISTRIBUTION FOR A SERIAL/ PARALLEL SYSTEM
A serial/parallel system is composed of a serial subsystem with n components and a parallel subsystem with m components, a reliability logical diagram for which is shown in Fig. 3 . The PDF, RF, CDF, and failure rate are denoted as section A and B. The component PDFs are known. The SR, denoted as R s−p (t), and the CDF, denoted as F s−p (t), for a serial/parallel system are obtained as follows, The PDF for a serial/parallel system f s−p (t) is computed as
where C i,s−p (t) are the weights for the i 
It is easy to find that the failure rate for a serial/parallel system is the sum of failure rates for the serial subsystem and parallel subsystem,
The parallel subsystem could be considered to be a unit, therefore, the serial/parallel system is composed of n + 1 components. The first two moments for the serial/parallel system could be computed according to Eqs. (5), (6), (12) , and (13) . Here, they are denoted as
where R n+1 (t) = 1 − m j=1 F j (t) is the reliability of the parallel subsystem.
D. COMPONENT IMPORTANCE MEASURES BASED ON TIME-VARYING WEIGHTS
It is clear that the sum of time-varying weights, C i (t)(i = 1, 2, . . . , n) for a serial system or D j (t) (j = 1, 2, . . . , m) for a parallel system, does not equal 1, resulting in difficulty representing the relationship among component weights. Therefore, relative time-varying weights are introduced here to identify the importance measure of a single component.
The relative time-varying weights for components in a serial system, parallel system, and serial/parallel system are represented here, respectively,
III. CASE STUDY
The radio navigation system (RNS) is an important airborne system in passenger aircraft, and MTBF is one of the crucial reliability measures. Both the components of the RNS and the component PDFs are delivered by outside suppliers. The MTBF and lifetime distribution of the RNS should be estimated by the aircraft OEM using component PDFs during the R&D process of domestic commercial aircraft instead of outside suppliers.
A. RADIO NAVIGATION SYSTEM CONFIGURATION AND RELIABILITY INFORMATION
The RNS is composed of 5 subsystems, namely, magnetic compass (MC) subsystem, multi-mode receiver (MMR) subsystem, radio altimeter (RA) subsystem, very high frequency navigation (VHF-NAV) subsystem, and distance measuring equipment (DME) subsystem. The passenger aircraft cannot be dispatched if any one of these RNS subsystems loses functionality. A reliability logical diagram is shown in Fig. 4 . All the subsystems include several line replaceable units (LRUs). The MMR subsystem consists of MMR, GPS antenna (GPS ANT), localizer antenna switch (LOC ANT swi), glide slope antenna (GS ANT), and localizer antenna (LOC ANT). The RA subsystem includes RA and 4 RA antennas (RA ANTs). The VHF-NAV subsystem is composed of NAV-4000, VOR ANT, MB ANT, and ADF ANT. The DME subsystem consists of distance measuring equipment interrogator (DME INT) and DME/TDR antenna ANT-42. Lifetime distribution information for RNS subsystems and components was provided by overseas suppliers, as shown in Table 1 . 
B. LIFETIME DISTRIBUTIONS FOR THE RNS
The PDFs for the RNS and its components were computed according to Eqs. (3), (9) , and (16), and are shown in Fig. 5 . The first and second moments for the lifetime of the RNS and its subsystems are given in Table 2 .
C. ESTIMATES OF RNS RELIABILITY, MTBF, AND FAILURE RATE
Reliability estimates for the RNS and its subsystems were further investigated based on lifetime distributions. The reliability and failure rates were computed for the scheduled maintenance intervals of 700 h, 1400 h, and 3000 h, respectively, and are shown in Table 3 along with MTBF. In addition, the reliability of the RNS can be validated by comparing the MTBF with the designed value at the beginning of the R&D process, and then the overall passenger aircraft reliability can be validated after acquiring the PDFs of other airborne systems. The reliability and failure rate curves for the RNS are shown in Figs. 6 and 7, respectively. The two graphs show that the MMR and VHF-NAV are the least reliable subsystems, which means that design optimization should be conducted first for these two subsystems. In addition, reliable lifetime, identified in Fig. 6 , can help determine maintenance intervals.
In terms of the R&D stage of domestic civil aircraft in China, there are still no field data because passenger aircraft have not entered into service. However, computer simulation is widely used in practice, the reliability results from the developed method were compared to the results computed using Reliasoft Blocksim software, which are listed in Table 4 . The maximum estimation errors for reliability and failure rate are 0.0002 and 12 decrease as time progresses, whereas the weights of components 2, 3, 4, 7, 8, 9, 13, and 14 increase as time progresses.
When t = 0, the weights of components 1, 5, 6, 10, 11, and 12 are equal to 0.167, which means that when one of these components fails, the system will break down because the components are serially connected. On the other hand, the weights of components 2, 3, 4, 7, 8, 9, 13, and 14 are 0, which means that when one of these components fails, the system operation will not be affected at the very beginning because the components are parallel connected.
Component 1 weighs the most, and components 7, 9, and 14 weigh the least. This means that component 1 contributes more to system failure than the other components, according to which reliability optimization could be carried out.
System reliability can be optimized by changing component reliability, so components 1 and 9 were selected for further investigation. When the component failure rates were set to be 1/5000, 1/12000, 1/20000, 1/30000, and 1/40000 (h −1 ), the dynamic behaviors of RNS lifetime distribution versus changing reliability of components 1 and 9 are represented in Figs. 9 and 10, respectively. The lifetime distribution of the RNS shows a pronounced change versus the different failure rate of component 1 in Fig. 9 , whereas the change trend is not obvious even though the failure rate of component 9 decreases markedly in Fig. 10 . Component 1's influence on the lifetime distribution of the RNS is greater than that of component 9, which also validates the conclusion from Fig. 8 .
IV. CONCLUSIONS
This paper develops an approach for computing lifetime distributions and reliability for serial/parallel systems for the specific scenario when only a component's PDFs are available. Simplified lifetime distributions of systems with multiple types of outsourced components are provided as a sum of component PDFs combined with time-varying weights. When time-to-failure data of the components are supplied, the system lifetime distribution can also be derived according to the developed method. The computing methods of component importance measures are provided with the help of relative time-varying-weights. The developed method offers three advantages. First, the acquisition of system lifetime distributions is no longer restricted to a special situation where identical binomial components or exponential components are connected in a serial system. The type of component is extended from single to multiple, including not only the nominal lifetime distribution, such as Weibull distribution, exponential distribution, lognormal distribution, and gamma distribution, but also other arbitrary lifetime distributions. Second, the system lifetime distributions are simplified with the time-varying weights. Third, the time-varying weights can be used to identify the weakest components.
A case study illustrates the developed method by computing the MTBF and lifetime distribution of a radio navigation system. The reliability, failure rate, and component significance of the RNS are also computed. A comparison of the estimation results from the developed method and the computer simulation method validates the effectiveness of the developed method. In addition, when all component reliability information is collected, the airborne system lifetime distribution and MTBF can be computed. The results can also be applied to estimate maintenance intervals before the aircraft is delivered. Since 
